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ABSTRACT
Detailed water budgets calculated for southern and southeastern Oahu are used with a geographic information system to develop simplified methods for estimating areal water budgets for predevelopment and mid-1980's land use. The methods were applied to estimate water budgets for the Waianae area of western Oahu, and for north-central, southern, and southeastern Oahu. A water budget was calculated for windward Oahu by developing a separate geographic information system model of the area. The water budgets for these areas were combined into a single water budget for the entire island. The geographic information system model was used to calculate mid-1980's ground-water recharge to small areas of specific interest and to determine the distribution of recharge by geologic formation.
The most significant changes in the water budget and ground-water recharge have occurred in north-central and southern Oahu as a result of large-scale agricultural development and urbanization by the mid-1980's. Runoff increased by 23 million gallons per day in southern Oahu where extensive urban areas had been developed. Evapotranspiration increased by 8 million gallons per day in southern Oahu and 28 million gallons per day in north-central Oahu as a result of the 146 million gallons per day of agricultural irrigation. Ground-water recharge increased in both areas by about 56 million gallons per day in southern Oahu and by about 32 million gallons per day in north-central Oahu. Predevelopment ground-water recharge to Oahu was an estimated 792 million gallons per day. Changes in land-use practices in the mid-1980's resulted in an estimated islandwide recharge of 880 million gallons per day.
INTRODUCTION
The water supply for the population of the island of Oahu, Hawaii, is obtained primarily from ground-water sources that are recharged by infiltration of precipitation and applied irrigation water. The importance and limited nature of these recharge sources to the groundwater system led to the inclusion of the island of Oahu, together with 27 other regions of the United States, in the U.S. Geological Survey's Regional Aquifer-System Analysis (RASA) Program. An important factor in the study of aquifer systems is the quantity of water that recharges the ground-water system. Recharge to the ground-water system can be estimated from water-budget calculations by subtracting runoff and evapotranspiration from precipitation and applied irrigation water. The quantification and distribution of the water-budget elements are important in water-resource appraisal studies and in the numerical analysis of the ground-water flow systems.
Water budgets were calculated for each of the five study areas defined for Oahu as part of the RASA project (Eyre and others, 1986) . Two of these study area boundaries are topographic divides that broadly coincide with less well-defined ground-water flow boundaries. The Waialua-Wahiawa district boundary is used simply as a convenient north-south division across the Schofield Plateau. The Kaau Rift Zone is a geohydrologic divide. Previous water-budget studies commonly encompassed smaller subsets of these areas. Because boundaries were not standardized, the previous study areas are not comparable to the RASA study areas, and the results of previous studies are difficult to compare with one another and with the RASA study results.
PURPOSE AND SCOPE
The purpose of this report is to describe the calculation of a predevelopment and a mid-1980's water budget for five major study areas of the island of Oahu, and the spatial distribution and temporal change in groundwater recharge caused by changes in land use. Which of several methods that were used to calculate the elements of the water budget and to estimate ground-water recharge depended on the area being analyzed and on the availability of previous data. The calculation of water budgets and display of the resulting recharge distributions were aided by the use of a geographic information system (GIS) that combines spatial and numerical data for a particular area in a digital form. As a result, each location on a map has various attribute data precipitation, ground-water recharge, and geologic unit characterizing it. The water budgets for the individual areas are combined into a water budget for the entire island.
STUDY AREA
The study area includes the entire island of Oahu ( fig.  1) , which encompasses about 596 mi2 of land area. The Koolau Range extends from the southeastern tip of the island northwestward to the northern coast. These Cl mountains reach altitudes of 2,000 ft1 along most of the crest, and several peaks are more than 2,400 ft. The Waianae Range is located on the western side of the island and reaches altitudes of 2,000 ft along much of the crest of the range; several peaks reach altitudes of 3,500 and 4,000 ft. Oahu is underlain by two major aquifers. The Waianae aquifer, which is within the Waianae Volcanics of Pliocene age ( fig. 1 ), underlies the western one-quarter of the island and extends eastward an unknown distance in the subsurface; and the Koolau aquifer, which is within the Koolau Basalt of Pliocene and Pleistocene age, underlies the eastern three-quarters of the island. The Koolau aquifer is the main source of water for southern Oahu and, hence, for the city of Honolulu. It also is the main source of water for irrigation of agricultural crops in southern Oahu, which included about 15,750 acres of irrigated sugarcane and about 11,670 acres of pineapple in the mid-1980's.
Bordering the island along the southern and northern coastal areas are coastal-plain deposits locally known as caprock ( fig. 1 ). These deposits include marine and terrestrial sediments, limestone, and reef deposits. In southern and north-central Oahu, the caprock confines the ground water in the underlying basalt aquifer. This impedes discharge of ground water to the sea and, especially in southern Oahu, raises inland ground-water levels to higher altitudes than would otherwise be the case. The impoundment of water by the caprock increases the volume of freshwater stored in the aquifers. Recharge from precipitation and irrigation-return flow in the caprock areas, however, does not reach the underlying basalt aquifers and does not contribute usable recharge to the ground-water system. In the following analysis of water budgets and ground-water recharge for southern and north-central Oahu, recharge to the caprock and noncaprock areas is considered separately. An extreme range in annual precipitation extends over Oahu (fig. 2 ). Mean annual precipitation ranges from less than 25 in/yr in the western and southern parts of the island to more than 275 in/yr over the highest part of the Koolau Range. Figure 2 is based on records from a network of 13 base stations that have data from 1916 to 1983 (Giambelluca and others, 1986) .
Water budgets were estimated for the five major study areas on Oahu (Eyre and others, 1986) (fig. 3A ):
1. Southern Oahu (260.5 mi2) , which includes the main population centers of Honolulu and the Pearl Harbor area and extensive agricultural areas; 2. Southeastern Oahu (28.4 mi2), which is largely a residential area with large tracts of conservation land along the ridges and steep slopes of the Koolau Range and along much of the coast; 3. Windward Oahu (124.5 mi2), which includes military, agricultural, conservation, and low-density urban land use; 4. North-central Oahu (121.4 mi2) , which is predominantly an agricultural area with smaller areas of military, recreational, and low-density urban land use; and the 5. Waianae area (60.9 mi2), which includes a large tract of military reservation land, agricultural, conservation, and a small area of low-density urban land use.
Geohydrologic barriers internally divide the study areas into smaller ground-water areas ( fig. 3B ) that have been referred to by Stearns and Vaksvik (1935) , Visher and Mink (1964) , Takasaki and Mink (1985) , and by the authors of ground-water studies cited in the next section of this report.
PREVIOUS STUDIES
A number of previous studies have addressed the water budget or estimated ground-water recharge in the study areas of the island ( fig. 3A ), but only one previous investigation has attempted to develop a water budget for the entire island (Takasaki, 1978) . Southern Oahu has been the most intensely studied area because it contains the principal source of water supply for the most heavily populated part of the island, and it is the most intensely irrigated agricultural area of the island. Most of the studies in southern Oahu have concentrated on making estimates of ground-water recharge. Wentworth (1951) presented one of the earliest estimates of a water budget for various parts of the southern Oahu area. Visher and Mink (1964) studied the ground-water resources of southern Oahu, but did not directly address the issues of a water budget or ground-water recharge. Dale (1967) discussed the effects of land use, specifically irrigated agriculture, on recharge to the ground-water system in part of the southern Oahu area. Mink (1980) estimated a predevelopment water budget for much of the southern Oahu area, and also estimated irrigation-return flow for land-use conditions during an undefined period before 1972. The most detailed water-budget study for southern Oahu was made by Giambelluca (1983 Giambelluca ( ,1986 . His studies constitute the basis for the southern Oahu water-budget estimate presented in this report.
The rest of Oahu has been studied less intensely Eyre and others (1986) developed a water budget for southeastern Oahu for use in a numerical analysis of groundwater flow in that area. Their budget provides the basis for the water budget for southeastern Oahu in the present study. Takasaki and others (1969) 
PREDEVELOPMENT WATER BUDGET
A water budget for natural conditions is presented for each of the five study areas of the island of Oahu (fig. 3A) . Each budget was developed by a somewhat different method, but each is designed to simplify earlier or more complicated methods to provide an easily applied and consistent approach for subsequent investigators. The methods utilize the capabilities of the GIS model. All the component data, including areas and mean annual precipitation, are included in this report. These data, together with equations presented in this report, can be used to calculate various elements of the water budget for any of the five study areas by using standard mathematical methods. Because of the gridlike nature of the GIS data bases used in the computational approach for this study, other methods that apply single values of various elements of the budget to large areas (that is, an entire study area) may yield somewhat different results.
SOUTHERN OAHU
A detailed monthly water budget calculated by Giambelluca (1983) for most of the southern Oahu area provided the basis for the method developed in the present study to estimate the water budget for the entire southern Oahu area before development. Giambelluca (1983) calculated each element of the water budget (precipitation, evapotranspiration, runoff, and ground-water recharge) for the different land-use categories (table 1) in the southern Oahu area. Giambelluca (Water Resources Research Center, University of Hawaii, written commun., 1985; 1986 ) prepared a similarly detailed water budget based on his 1983 methodology for about the same area of southern Oahu that is encompassed by the present study as part of the Hawaii RASA (fig. 4) . However, neither the area encompassed by the 1983 study nor the area used in the 1985 water budget model is totally coincident with the study area that is defined in the RASA project and used for the GIS analysis. The 1983 study area did not extend as far north as the northern boundary of the southern Oahu area used in the present study, and the 1985 study area was not coincident with the crest of the Koolau Range. The difference between the area used in the 1985 study and this study is small, about 3 mi2. However, because the excluded area is in the high precipitation zones, and, therefore high recharge zones, of the Koolau Range, the results of the regression model that uses the GlS-defined boundaries do not agree well with the results of Giambelluca (1986; Water Resources Research Center, University of Hawaii, written commun., 1985) . To demonstrate the validity of the regression model, recharge must be estimated for the same area that Giambelluca used. Accordingly, to compare the two methods, the GIS area was reduced slightly to simulate Giambelluca's area for model calibration. The reduced area is referred to in the tables and the text as the "adjusted area." The total GIS-defined area is used for estimating the components of the islandwide water budget. The adjusted and total areas are given in table 2. Additionally, the areas are differentiated between caprock and noncaprock ( fig. ] ). Giambelluca's (1983) approach was simplified by developing precipitation-recharge and precipitation-runoff relations for natural, predevelopment land use and for agricultural and urban land use presented later in this report using Giambelluca's data (Water Resources Research Center, University of Hawaii, written commun., 1985) . A plot of estimated annual recharge in relation to mean annual precipitation is shown in figure 5. A single regression line does not adequately describe the relation, however, because it underestimates significant recharge in the high precipitation zones, as well as in those areas where annual precipitation ranges from 20 to about 35 in. Four regression equations were developed that more effectively describe the precipitation-recharge relation ( fig. 5 ). The regression equation is of the general form
where Recharge is the mean annual ground-water recharge rate, in inches; a is the slope of the regression line; Ppt is the mean annual precipitation, in inches; and b is the regression line intercept at the y axis. The equation coefficients are given in table 3. Predevelopment recharge to southern Oahu was calculated by selecting the areas in the GIS model in each precipitation range and then by applying the proper equation (tables 2, 3). The resulting ground-water recharge was converted to million gallons per day. A similar analysis was made to determine the relation between precipitation and estimated runoff for natural, predevelopment land use calculated by T.W. Giambelluca (Water Resources Research Center, University of Hawaii, written commun., 1985) . The data are shown in figure 6 , and as with recharge, several regression equations were needed to describe the data adequately. The general form of the equation is
where Runoff is the mean annual runoff, in inches; Ppt is the mean annual precipitation, in inches; and a and b are the regression coefficients. The regression coefficients to calculate runoff for ranges of mean annual precipitation are given in table 4. Runoff for each precipitation zone was calculated by applying equation 2 in the same manner as equation 1. Evapotranspiration for the southern Oahu area was calculated as the residual of precipitation minus estimated recharge and runoff. The predevelopment water budget for the southern Oahu study area determined by using the simple regression equations is compared with the water budget determined by using the more detailed method of T.W. A monthly water budget for part of the 28.4 mi2 southeastern Oahu area ( fig. 7 ) was calculated by Eyre and others (1986) as part of a ground-water flow analysis of that area. They did not simulate ground-water flow in the 3.29-mi2 coastal-plain area southwest of Makapuu Head. Therefore, their water budget does not include the distribution of water in that part of southeastern Oahu. However, their budget provides the basis for the development of a simple estimation model for southeastern Oahu that is similar to the one developed for southern Oahu. Simple linear recharge-precipitation relations for use in the GIS model were determined on the basis of the results of Eyre and others (1986) . Two different relations were developed on the basis of relative soil permeabilities ( fig. 8 ). Eyre and others (1986) distinguished 10 different soil types, based on data from Foote and others (1972) , to account for the effects of variable soil properties, including permeability, on estimated recharge. The GIS model reduces these data to two relative soil types with high and low permeabilities, and uses a separate regression equation for each type to estimate recharge. Both equations are in the form of equation 1, and the coefficients for the equations are listed in table 7. Table 8 lists the areas for each relative permeability soil type for a given mean annual precipitation zone in southeastern Oahu. Estimated ground-water recharge (in million gallons per day) was then determined by multiplying the appropriate recharge rate calculated with the regression equation by the area over which that rate applies. A runoff-precipitation relation developed by Eyre and others (1986) was modified slightly and used to calculate runoff for southeastern Oahu. The equation used is the same form as equation 2, and the coefficients are listed in table 9. The curve and data are shown in figure 9. Evapotranspiration was estimated to be the residual of precipitation minus runoff and recharge. The resulting predevelopment water budget determined by the simplified GIS model is compared with the results of Eyre and others (1986) in table 10. They estimated a total ground-water recharge of about 15 Mgal/d compared with about 19 Mgal/d estimated by using the GIS model in this study. The difference is attributed to the additional 4-Mgal/d mean annual precipitation estimated for the coastal-plain area by this study but that was not considered by Eyre and others (1986) . 8 . Relation between precipitation and estimated ground-water recharge based on relative soil permeability, southeastern Oahu (data from Eyre and others, 1986) . Ppt, mean annual precipitation. fig. 10 ) were calculated by using methods similar to those of Takasaki and others (1969) . The annual water budget is given by Ppt-R-ET=GW, (3) where Ppt is the mean annual precipitation, R is mean annual direct runoff, ET is mean annual evapotranspiration, and GWis mean annual ground-water recharge. Figure 10 shows the 11 drainage basins of windward Oahu and the mean annual precipitation (Giambelluca and others, 1986) . Figure 11 shows the estimated mean annual evapotranspiration that was based on pan-evaporation data (Ekern and Chang, 1985) . The name of each basin is given in table 11. Pan coefficients used to estimate actual evapotranspiration vary above and below 1.0, depending on the type of vegetation and time of year. For this study, which considers only mean annual conditions, the pan coefficient is assumed to be equal to 1.0, and pan evaporation is assumed to equal mean annual evapotranspiration. Direct runoff is calculated as the difference between mean basin discharge and base flow and is expressed as a percentage of precipitation based on data from Takasaki and others (1969) , Takasaki and Valenciano (1969) , and the U.S. Geological Survey (1970, 1971, 1972) . The ratios are given in table 11.
The mean annual volume of precipitation for each basin was determined by multiplying the area by the mean annual precipitation that applies for that area (table 12) . Evapotranspiration was estimated by multiplying the mean annual pan-evaporation rate by the area for which that rate applies (table 13). Direct runoff was determined by multiplying the volume of precipitation for the basin by the appropriate ratio from Ekern and Chang, 1985) .
these three budget elements. The resulting water budgets for each basin are listed in table 14 . The values for estimated evapotranspiration and recharge in table 14 derived from the GIS model cannot be duplicated for all basins with the data in tables 12 and 13. The GIS model makes use of smaller elements within each drainage basin. When evapotranspiration for any element of the GIS model equals or exceeds precipitation minus runoff, evapotranspiration cannot occur at the maximum rate and thus is set equal to precipitation minus runoff, and recharge is equal to zero. Because the GIS model calculates the water budget for the smaller elements that compose each basin, using the total area given in tables 12 and 13 to estimate the total volume of precipitation and evapotranspiration yields no recharge for some basins; however, when using the smaller elements of the GIS model, some recharge is estimated.
Comparison of the GIS budgets with water budgets determined from previous studies is difficult because different boundaries were used to define study areas. Takasaki and others (1969, p. 85, 93 , and 97) estimated water budgets for three basins included in their study of windward Oahu; these budgets are given in table 15. The major difference between the previous estimates and the budgets calculated for this study is the estimated volume of precipitation. Part of the reason for this may be the different base period for mean annual precipitation used in the two studies; the base period for precipitation data used by Takasaki and others (1969) ranged from 1933 to 1957 and for the present study it ranged from 1916 to 1983 (Giambelluca and others, 1986) . Similar values for evapotranspiration and runoff were obtained by both studies. The difference in precipitation estimated by each study results in similar differences in estimated ground-water recharge, which is to be expected because each study estimated recharge as a residual based on precipitation. 
NORTH-CENTRAL OAHU
The predevelopment water budget for north-central Oahu ( fig. 12 ), which covers an area of slightly more than 121 mi2, was modeled as an extension of southern Oahu because both areas have similar climate, topography, and soil types. Both have areas of caprock that affect recharge to the basalt aquifers, and both have large areas of irrigated agriculture that have altered the predevelopment ground-water recharge. The total volume of precipitation for caprock and noncaprock areas ( fig. 1 The water budget for north-central Oahu, calculated with the GIS model for this study, is difficult to compare with budgets estimated by previous studies because of the difference in the boundaries of the study areas. The study by Rosenau and others (1971) covered 152 mi2 of the north-central part of Oahu, but it excluded a small area west of the crest of the Koolau Range along the northern coast. They appear to have included some of the southern Oahu area (figs. 3A, 4); their location map is not detailed enough to ascertain the exact location of these boundaries. The Waianae area covers nearly 61 mi2 of the western part of Oahu, west of the crest of the Waianae Range (figs. 3A and 13). Climate, land cover, and soil types in this dry part of Oahu are similar to those of southeastern Oahu ( fig. 7) . Given the similarity of conditions, the ground-water recharge-precipitation and runoff-precipitation relations that were developed for southeastern Oahu were assumed to apply to the Waianae area as well. In addition to areas of low and high relative soil permeability, the Waianae area has extensive areas of algaroba (Prosopis chilensis), also called kiawe, which is a close relative of the mesquite of the Southwestern United States (Zones, 1963) , and koa haole (Leucaena glauca), both of which are phreatophytes ( fig. 13) .
Little information is available on evapotranspiration rates for algaroba and koa haole. It is uncertain to what extent rates determined for similar plants in the Southwestern United States can be applied to the Waianae area. Zones (1963) estimated a ground-water discharge rate for these plants of from 3 to 6 ft/yr. Examination of figure 13 indicates that most of these plants grow in areas that have a mean annual precipitation of less than about 35 in. The depth to ground water in these areas may be several hundred feet below land surface (Takasaki, 1971) . Estimated annual runoff for this annual precipitation is about 2 in. On this basis, it is assumed that the evapotranspiration rate for these trees is about 33 in/yr and that, in areas of phreatophytes having a mean annual precipitation of 35 in. or less, no ground-water recharge occurs. The volume of mean annual precipitation in the Waianae area was calculated by using the precipitation and area data in table 18. Equations 1 and 2, together with the regression coefficients given in tables 7 and 9, were used to calculate ground-water recharge and runoff. Evapotranspiration was not allowed to exceed precipitation in any area and was estimated to be the residual of precipitation minus runoff and groundwater recharge. For phreatophyte areas ( fig. 13 ) having a mean annual precipitation of less than 35 in., calculated recharge was assumed to be zero, and the precipitation minus runoff in these areas was distributed as evapotranspiration. The resulting predevelopment water budget for the Waianae area is given in Zones (1963) suggested that surfacewater discharge from the Waianae area was negligible (this study estimated 8 Mgal/d), the consumptive use of ground water by phreatophytes ranged from about 5 to 10 Mgal/d, and the total ground-water discharge by all means ranged from about 10 to 20 Mgal/d. The present study estimated ground-water recharge, and, therefore, discharge, to be about 32 Mgal/d.
The water budget developed by this study can be used to evaluate further the consumptive use of ground water by phreatophytes in the Waianae area and to estimate ground water that may discharge as underflow to the ocean. The assumptions made about evapotranspiration by phreatophytes at altitudes above about 100 ft above sea level in the zone of 35 to 40 in. of mean annual precipitation imply that the phreatophytes growing there use between 33 and 38 in. of water per year. If about 35 in./yr is assumed to be a reasonable estimate for mean annual evapotranspiration by these phreatophytes, then phreatophytes growing in areas of lower mean annual precipitation, but in the presence of shallow ground water, will transpire at this same rate. The area covered by phreatophytes where mean annual precipitation is less than about 35 in/yr is about 11.5 mi2 ( model is about 13 Mgal/d. Therefore, the estimated ground-water consumption by phreatophytes that grow in these areas was about 6 Mgal/d. Given the calculated recharge for the Waianae area of 32 Mgal/d, the discharge of ground water by underflow to the ocean was then estimated to be about 26 Mgal/d.
ISLAND OF OAHU
A summary predevelopment water budget for the island of Oahu was constructed from the budgets for the individual areas. This budget is given in table 20. The only previous study that attempted to estimate a water budget for Oahu is that of Takasaki (1978) . However, as with other previous studies, the boundaries of the various areas are different from those of the present study, so individual area budgets cannot be compared. Additionally, Takasaki's (1978) estimate of ground-water recharge in southern Oahu may have addressed only the noncaprock area and the 1950's or 1960's land-use conditions, which included significant irrigation-return flow components. The estimate of 6 Mgal/d for ground-water recharge in his budget for the Waianae area was based on estimated ground-water pumpage in that area rather than estimated recharge. For comparison, however, the island budget of Takasaki (1978) is given in table 21. 
DISTRIBUTION OF PREDEVELOPMENT GROUND-WATER RECHARGE
Estimates of predevelopment ground-water recharge commonly are useful in studies of ground-water flow and development. The distribution of this recharge, as estimated by the GIS model, is given in table 22 and is shown in figure 14 . This distribution may be analyzed further by developing a more detailed set of boundaries than have been used for estimating water budgets for the various study areas (fig. 15) . The area boundaries shown in figure 15 are based on the boundaries shown in figure 3B . Some boundaries, notably the northern and southern Schofield ground-water barrier boundaries, have been extended to intersect topographic divides. Several small areas are defined by the intersections of the southwestern boundary of the Koolau Rift Zone and the topographic divide marking the crest of the Koolau Range. By using the GIS water-budget model, the recharge estimates made in this study can be aggregated by the areas shown in figure 15 (table  22) , which, when combined in various patterns, may be comparable to areas described in previous investigations.
The distribution of predevelopment ground-water recharge to the noncaprock areas and ground-water underflow to the noncaprock basalt aquifers of southern and north-central Oahu are given in table 22 Predevelopment recharge and ground-water underflow to the Pearl Harbor ground-water area is estimated to total about 261 Mgal/d (fig. 10 ). This estimate assumes that 103 Mgal/d from the southern Schofield area enters the Pearl Harbor area; some water flows into the adjacent Ewa ground-water area to the west, but the flow is probably less than 1 Mgal/d. Recharge and underflow to the Ewa area is estimated to be about 9 Mgal/d. Predevelopment recharge to the remaining areas of the southern Oahu study area totals about 71 Mgal/d. In north-central Oahu, predevelopment recharge and underflow to the Waialua ground-water area is estimated to total about 104 Mgal/d; to the Kawailoa area, about 62 Mgal/d; and to the Mokuleia area, about 14 Mgal/d ( figs. 3B, 16) . The distribution of predevelopment recharge to windward Oahu basins (fig. 3A) , the Waianae area, and southeastern Oahu is shown in figure 17. 
EXPLANATION GROUND-WATER RECHARGE, IN INCHES PER YEAR
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Less than 10 FIGURE 14. Distribution of ground-water recharge for predevelopment land use, island of Oahu. 
EFFECTS OF LAND-USE CHANGES ON GROUND-WATER RECHARGE
Land-use changes affect the water budget through changes in evapotranspiration, runoff, and ground-water recharge. Low-to medium-density urbanization includes irrigation of lawns, gardens, and parks, which, in turn, increase water available at the land surface for increased evapotranspiration. Runoff increases and recharge in wet areas may be reduced, whereas recharge in dry areas may increase because of irrigation. Higher density urbanization enhances runoff, decreases evapotranspiration, and may increase recharge. Irrigated agriculture, however, has the greatest effect on the water budget. Applied irrigation water increases evapotranspiration, but irrigation practices seldom are efficient enough for all applied water to be consumed, and a significant percentage of the applied water recharges the underlying ground-water system. The southern and north-central areas of Oahu have experienced the greatest changes in land use since the turn of the century. Although parts of southeastern and windward Oahu have undergone urbanization and small areas of windward Oahu have been cultivated, changes in these areas have affected the water budget less than the changes in the southern and north-central areas. The following discussion will concentrate on the changes in southern and north-central Oahu and the effect on ground-water recharge in these areas.
SOUTHERN OAHU
The effects of urbanization on ground-water recharge in southern Oahu can be evaluated by using the results of the detailed water-budget study by T.W. Giambelluca (1986; Water Resources Research Center, University of Hawaii, written commun., 1985) . Recharge as a function of precipitation for natural and urban land uses during the mid-1980's is shown in figure 18 . The major change in the relation is in areas that have less than about 60 in/yr of precipitation; these are the areas that have undergone the most urbanization. Consequently, a new set of coefficients for equation 1 was developed to reflect mid-1980's land-use practices. The coefficients given in table 23 and the areas listed in table 24 for the appropriate precipitation zone are used to calculate ground-water recharge for nonagricultural areas.
Ground-water recharge for mid-1980's agricultural land use also was estimated on the basis of the detailed studies of southern Oahu by Giambelluca (1983 Giambelluca ( ,1986 . Agricultural land use was subdivided into furrow-irrigated sugarcane, drip-irrigated sugarcane, and pineapple. Giambelluca (1983 Giambelluca ( , 1986 suggested that an average of about 120 in/yr was applied in furrow-irrigated fields, and that recharge from furrow-irrigated sugarcane averaged 87.3 in/yr and accounted for 72.9 percent of the applied irrigation water (Giambelluca, 1983, p. 105) . By using data from T.W. Giambelluca (Water Resources Research Center, University of Hawaii, written commun., 1985) , the present study developed a linear relation between precipitation and recharge in areas of drip-irrigated sugarcane ( fig. 19 ). This relation is given by = 0.64(Ppt) + 11.1 (r* = 0.89) , where Rechnc, is the mean annual recharge, in inches, from drip-irrigated sugarcane; Ppt is the mean annual precipitation, in inches; and r2 is the coefficient of determination. The average applied water in drip-irrigated fields was about 65 in/yr (Giambelluca, 1983; 1986) . A similar relation was developed for areas of pineapple cultivation ( fig. 20) , given by , (5) where Rechp is the mean annual recharge, in inches, from pineapple.
RechDS
Ground-water recharge for mid-1980's land use is compared with recharge for predevelopment conditions in table 25 and figure 21. Recharge in noncaprock agricultural areas, which includes large amounts of irrigationreturn flow, increased 33 Mgal/d in the mid-1980's over predevelopment recharge to these same areas (table 25) , and recharge to noncaprock, nonagricultural areas decreased about 1 Mgal/d from predevelopment to about 327 Mgal/d. Total noncaprock recharge in the mid-1980's increased about 32 Mgal/d above predevelopment recharge.
The runoff-precipitation relation changed for mid-1980's land use in areas that had a mean annual precipitation of less than about 130 in. (fig. 22 ). Runoff in these areas is calculated by using the linear regression equation 1 and the coefficients in table 26. The coefficients for the 20-to 130-in/yr areas are based on a regression that uses runoff data for urban and natural The irrigation-return flow estimates for furrow-irrigated sugarcane by Giambelluca (1983 Giambelluca ( , 1986 ) are considerably higher than those of previous investigators (Dale, 1967; Mink, 1980; Eyre and Nichols, in press ). Giambelluca (1983, p. 105 ) estimated an irrigation-re- turn flow of about 6.4 ft/yr. Dale (1967) estimated an annual return-flow rate of 3.5 ft/yr, and Mink [1980 , cited by Giambelluca (1983 1 estimated an annual rate of about 5.2 ft/yr. A numerical analysis of the southern Oahu ground-water flow system, which is part of the Hawaii RASA study, estimated an annual returnflow rate of about 3.6 ft/yr (Eyre and Nichols, in press ). Giambelluca (1983, p. 105-106 ) discussed the differences from earlier studies and suggested that previous investigators may have overestimated evapotranspiration and, thereby, underestimated recharge.
The detailed studies of Giambelluca (1983 Giambelluca ( ,1986 represent a more rigorous approach to estimating evapotranspiration and irrigation-return flow for furrow-irrigated sugarcane than previous investigations, but the numerical analysis by Eyre and Nichols (in press) suggests that this more rigorous approach may not have yielded more accurate estimates. Giambelluca (1983, p. 103) concluded that evapotranspiration from sugarcane was about 4.4 ft/yr. Campbell and others (1959, p. 644) concluded from lysimeter studies in sugarcane Recharge from irrigation-return flow from drip-irrigated sugarcane cultivation similarly may be too high because of the estimated rate of sugarcane evapotranspiration used by Giambelluca (1983) . Recharge during the mid-1980's in areas of drip-irrigated sugarcane cultivation in southern Oahu amounts to nearly 29 Mgal/d, which is an increase of 24 Mgal/d over predevelopment recharge rates to the same area; of this, 11 Mgal/d was in the noncaprock area and represents an increase of 9 Mgal/d over predevelopment recharge rates to these areas. This is 60 percent of the estimated increase in recharge to the noncaprock area planted in sugarcane compared with predevelopment conditions. However, increasing sugarcane evapotranspiration by 2.4 ft/yr reduces recharge in drip-irrigated sugarcane areas by about 29 Mgal/d in southern Oahu and by about 11 Mgal/d in the noncaprock area.
Total recharge for the agricultural areas of southern Oahu (caprock and noncaprock areas) in the mid-1980's was estimated to be about 73 Mgal/d (table 25) . However, if estimated evapotranspiration by sugarcane is increased from 4.4 to 6.8 ft/yr, then recharge in these areas is reduced by about 34 Mgal/d to about 39 Mgal/d. Mid-1980's recharge in sugarcane areas may be overestimated by a factor of two if the evapotranspiration rate for sugarcane is more accurately estimated to be 6.8 ft/yr. It is, however, beyond the scope of this study to estimate the appropriate evapotranspiration rate for sugarcane. This is a problem that deserves serious consideration because of the resulting effects on ground-water recharge estimates.
NORTH-CENTRAL OAHU
A water budget for mid-1980's conditions for north-central Oahu was estimated by using the equations and coefficients for recharge and runoff for southern Oahu with the appropriate precipitation zones and land-use areas given in table 28. An estimated rate of applied irrigation water for sugarcane was based on the rates of T.W. Giambelluca (Water Resources Research Center, University of Hawaii, written commun., 1985) for southern Oahu. No change was made to estimated recharge or runoff for nonagricultural areas because the only urbanized area in north-central Oahu has a mean annual precipitation of less than 30 in. Recharge in areas of irrigated sugarcane was estimated by using the same estimated recharge rates for southern Oahu. As The figure 24 . This distribution can be compared with the predevelopment distribution shown in figure 16. Recharge and underflow to the noncaprock areas of the Pearl Harbor groundwater area for mid-1980's land use is estimated to be 283 Mgal/d, which is an increase of about 22 Mgal/d over predevelopment conditions and the result of irrigation-return flow. Recharge and underflow to the noncaprock section of the Ewa ground-water area increased by 9 Mgal/d from predevelopment conditions. Similarly, recharge and underflow to the noncaprock areas of north-central Oahu increased by 22 Mgal/d from predevelopment conditions. Recharge to the caprock areas of southern and north-central Oahu was increased by irrigation-return flow to about 57 Mgal/d, which is an increase of about 32 Mgal/d above predevelopment land-use conditions. Ground-water recharge to windward Oahu basins, the Waianae area, and southeastern Oahu was the same for mid-1980's and predevelopment land uses. Greater than or equal to 100 and less than 150
Less than 10 FIGURE 23. Distribution of ground-water recharge for mid-1980's land use, island of Oahu. Estimated ground-water recharge for predevelopment and mid-1980's land uses for noncaprock areas and the total areas of the five major study areas of Oahu 
SUMMARY AND CONCLUSIONS
Detailed water budgets were developed by previous investigators for southern and southeastern Oahu and for parts of windward Oahu. The methods used for these budgets have been simplified, incorporated into a geographic information system, and applied in a consistent manner to all areas of the island to provide an estimated water budget for Oahu for predevelopment and mid-1980's land uses. Predevelopment recharge to the ground-water system of Oahu was estimated to be 792 Mgal/d, including recharge to the noncaprock part of the island estimated to be 770 Mgal/d.
The effects of changes in land use on ground-water recharge were evaluated for southern and north-central Oahu, where significant changes have been caused by urbanization and agriculture. Urbanization in southern Oahu has led to an increase in estimated runoff of about 18 percent, or 23 Mgal/d. The rate of predevelopment recharge to areas of southern Oahu having nonagricultural land uses during the 1980's would have been about 328 Mgal/d; recharge to these areas during the mid-1980's was estimated to be about 327 Mgal/d. Irrigated agriculture has had a much greater effect on recharge, and has led to an estimated increase of about 56 Mgal/d for the entire area over predevelopment recharge. However, the estimated recharge from irrigated sugarcane determined by earlier studies may be overestimated by a factor of two; more detailed investigations are needed to resolve this issue. 
